Abstract. In this paper, a robust adaptive control strategy is proposed for trajectory control of an omnidirectional vehicle with three omni-wheels, which have the ability to move simultaneously with independently rotational motion. Actuators of the omnidirectional vehicle contain uncertainties and their parameters are unknown. By the Lyapunov stability, the asymptotic tracking performance can be assured. The proposed control scheme is demonstrated by actual tracking experiments using the omnidirectional vehicle system. Experimental results showed promising tracking performance for the proposed method as compared to traditional sliding mode controller.
Introduction
Tracking control of robotic systems has been a very important engineering issue in order to fulfill flexible and versatile demands in many applications. The applications for mobile robots involve working at the places where are not suitable for humans or cannot be easily achieved by humans. The trajectory tracking of a mobile robot system is achieved by generating a designed velocity profile that drives the mobile robot to follow a required trajectory. Along the tracking process, the error signal between the demanded and the actual trajectory converges to zero to accomplish zero tracking deviation. Unfortunately, it is difficult to diminish the tracking error to allow the actual trajectory closely following the expected trajectory because of existing structural uncertainties, unknown disturbances, and possibly highly coupled interaction among system parameters, especially when the robot is accelerated or decelerated. Thus, how to effectively control a mobile robot to track the demanded path is a challenging but crucial task.
In Fig. 1 , the mobile robot with three actuator systems, each of them containing a motor, an encoder, and an omni-wheel, is shown. The omni-wheel has the ability to move simultaneously and independently in rotational motion. Dynamic modeling is an important stage for the controller design of the mobile robot and can be found in [1] . In the work of [2, 3] , the authors designed a PID controller and considered kinematic and dynamic constraints of the omnidirectional mobile robot, including wheel slippage and actuator saturation for motion planning. However, this method did not solve the issues of parameter variations and uncertainties from friction and slippage. The back stepping approach has found its applications to nonlinear control systems. Its stability problem can be verified by the Lyapunov theory and the process for controller design becomes much simpler. In [4] , a novel back stepping technique with a neural dynamics model was presented for tracking problems in real-time navigation. Furthermore, a PID controller based on the desired final angular velocity was developed to control the wheels for trajectory tracking problems [5] ; however, this method did not cover the difficulty caused by parameter variations and uncertainties from friction and slippage. In [6] , an adaptive robust tracking controller was implemented to a holonomic wheeled mobile robot.
In this paper, the dynamic model of the omnidirectional mobile robot will be derived first. After that, a controller dealing with the uncertainty will be implemented to accomplish trajectory tracking control tasks. It is expected that the proposed controller can effectively overcome uncertainties and external disturbances. The stability of the control system is also validated by using the Lyapunov method. Consequently, this approach provides a simpler way for controller design and assures exponential convergence and robustness.
The outline of this paper is arranged as follows: Sections 2 is a concise description of the kinematical modeling for the omnidirectional mobile robot. Section 3 describes the parameters of the controller as well as notions that are used to design the controller. In Section 4, real-time experimental results using the proposed robust adaptive controller are provided on trajectory following tasks. Finally, some conclusions are summarized in Section 5. 
Dynamic modeling of the omnidirectional vehicle
The dynamic model consists of nonlinear parts, such as unknown but bound system parameters, actuators' uncertainties and friction related terms. The vehicle is supported by three omni-directional wheels at an equal distance from the center of gravity of the robot. Accordingly, the angles for any two neighboring wheels are all 120 degrees, as shown in Fig. 1 .
The output torque can be determined by balancing all forces on each wheel and can be solved by Newton's second law [2] :
where L is the distance between any wheel assembly and the center of gravity, and ,  is the motor shaft speed, t k is the motor torque constant, and  stands for the output torque on the motor shaft generated by the electric current. According to the wheel velocities of the omnidirectional vehicle and wheel assembly analysis in [3] , we can rewrite the kinematics equations as:
where R is the radius of the wheel, ,
are the rotational speeds of the wheels. Thus, the angular speed of the omni-directional vehicle can be solved. Finally, by considering relationships among the control torque, the output force, the omni-directional vehicle's kinematics equations, and motor parameters, the dynamic equations can be formulated by: Innovation for Applied Science and Technology 
Robust adaptive controller design
In this section, we consider the tracking system for the omni-directional vehicle, which allows the position of the vehicle to be kept at the desired position and makes the tracking error converging to zero in the presence of unknown parameters and actuators uncertainties. A robust adaptive control scheme is therefore presented to account for the parameter uncertainty. The controller structure is depicted in Fig. 2 . 
The parameter estimation error is defined as î 
The time derivative of V becomes 
Experimental results
The platform's initial position was assumed to be zero for all tests. Six parameters in A and  were unknown. In the first case, the system tracking trajectory finally converges to a reference circle with a radius of 0.25 m and completes a rotation of 180 degrees. In Fig. 3 , it shows the corresponding trajectory tracking response and tracking errors. In addition, the error signals are reduced to zero by the presented robust adaptive control algorithm, which presents superior tracking performance than the traditional sliding mode controller. 
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In the second case, the platform was commanded to follow a reference square with a length side of 0.6 m and a rotation of 0 degree. The experimental results are illustrated in Fig. 4 . This figure apparently demonstrates that the system tracking trajectory and the error signals did not respectively converge to the reference path for the traditional sliding mode controller. Nevertheless, the proposed robust adaptive controller, from the robustness point of view, provides better tracking performance. With such an inclusion, system stabilization subject to external disturbances, structural uncertainties, and parameters unknown can also be maintained as the platform arrives at its tracking path. 
Conclusions
A robust adaptive control algorithm to achieve trajectory tracking for an omnidirectional vehicle with bounded disturbances and uncertainties has been proposed. By Lyapunov stability theory, we can guarantee asymptotic tracking performance under the condition with parametric uncertainties. Two experimental tracking tasks, a circular path and a square trajectory, were performed to demonstrate tracking performance of the proposed control strategy. Experimental results clearly show better performance in comparison with the traditional sliding mode controller, which, in turn, verifies the effectiveness of the proposed controller scheme.
